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Abstract continuously sensitive CMOS CSA for low capacitance
detectors rely on a differential transconductance schemes
éZ],[lO]. These have several drawbadksst, the tail current
of the transconductor must be adjustecatcommodatehe
aximum expected leakageurrent. This penalizes low-
akagechannels,where theparallel noise of the feedback
circuit will be greaterthanthe shot noise due to the detector.
econdly the effectivefeedbackransconductance varies with
akage current, causing a shiftin the frequency of the
feedbackpole whichin turn effectsthe gain. The sameeffect

i : . occurs with largesignal currents,giving such circuits poor
(<0.1% up to 1.8fCinput charge) by inserting a voltage linearity. Finally, this type of feedbackelement contains

divider between the output of the CSA and the soafdéf. many transistors.This leads to increased capacitance at the

The equivalent noise char¢eNC) of the CSA is equal to input node (hence more series noise), increased layout area,
the theoretical lowelimit imposedby the flicker noise. The and a complexfeedbackloop which can be difficult to
circuit has been fabricatedn two different CMOS stabilize.
technologies. With no detector connectett measure a
room-temperature ENGf 9 € rms at 12usecshapingtime.

When coupled to @ooleddetector aFWHM of 111 eV is S
obtained at 2.4usecshaping,corresponding tan ENC of
13€ rms. out

We report here arultra low noise charge sensitive
monolithic CMOS amplifier (CSA) suitable for small anod
capacitance (200fF), low leakagerrentsolid state detectors.
The CSA iscontinuouslysensitive, the charge from the inpu{g
node beingdrainedby a feedbacktransistorMf biased as a
resistor witheffectivevaluesin the Q2 range This very high
value was achieveloly a novel scheme which tracks threshol
variations,and power supplyandtemperature fluctuations. A
good linearity of the CSA conversiongain is achieved

This is the best reported energy resolution ever obtained in
with a CMOS preamplifier.

|. INTRODUCTION

A large numberof applications require extremelpw
noise detectiosystemspased on small capacitanaad low
leakage current detectors [1,2]. The charge sensitive
amplifier (CSA) is widely used at the front-end, as its . .
conversion gain is independentof anode capacitance Flg.l_:_ Che}rge Sensitivamplifier (CSA) based on a core voltage

L . . .o amplifier with shunt feedback
variations (see Fig.1). The changsultingfrom anionizing
event is collected at the anodeand transferredonto a
feedbackcapacitor Cf. The capacitor has to be discharged to A practical way to establish the DCfeedbackin a
avoid thesaturationof the CSAby a charge deliveretty continuouslysensitive CSA iy using atransistorMf biased
eventsand detector leakage currefiihis DC feedback path isin the triode regionin parallel to Cf. This DC feedback

realizedin differentwaysdepending on théechnologyused scheme canaccommodatea large leakagecurrent since

CF

to fabricate the CSA. increasingl . reduces theffectiveresistancendkeeps the
Among the available technologies, CMQSfers the CSA from beoming saturated5].
advantageof being inexpensiveand readily available for The parallel noise associated with the drain-source

prototyping. On the othenand,it has some disadvantagegesistancekds of Mfdoesn’t contribute to thearallelnoise if

i.e. the h|'gherﬂ|cker. noise gompared to other.technologlestS >>50mV/ka For ultra low noise applicationg.k canbe

andthe difficulty of integratinglarge value resistances. For - 10pA, and the only practical way to achieve the required 5

the considered low noise application the Bi@bilizationof _ 50@) resistance isby biasing Mf close to the weak

the amplifier is the most critical aspect of the gasi inversion region. The drawback is the extreme sensitofity
Various approaches have been proposed so far. A pult& associated Rds to even small variationghe biasing

reset [11] can be used feystens with a small numbeof conditions, i.e. the potential at theput transistorof the

channelsat the cosbf increasedsystemcomplexity. Other



CSA, thethresholdof Mf, the potential at the output nodé changesduringthe decaytime, andits mean value depends
the CSA. upon the amplitude of the charge pulse.

Consequently two issues need to be addressed: i) how tdn our caseof Cf=15fF and Qin=0.75fC the CSA output
bias Mf to achieve the & region for itseffective resistance swings 50mV which, when applied to the gate-source voltage
and how to stabilize its resistanegainstparametrigprocess of Mf corresponds to &ariationof almost a factoof 4 in the
variationduring chip production, nn particularthe threshold feedbackresistance.This affectsthe conversiorgain, as a
variations which can reach £100mV from chip to chip; ii}harge pulse isntegratedwith a finite rise time on the
how to improve the linearitpf a systemwith a non-linear feedbackCf, and discharged with alecaytime which is a
element inserteih the feedbackioop. The worseningf the function of the pulse amplitude.

linearity is due to the changef the decaytime during the The peak amplitude iaffectedby the ratioof the pulse
transienf and the dependencef its value upon the input yise time to thedecaytime, thatis, by the relative positiomf
charge. the two polesin the preamplifier transfer function. The
We addressed both issuéy meansof novel circuit minimal effect of the decaytime on the pulse amplitude is
technigues. Mf is biasdd or nearweak inversiorby using a achieved when the poles deg apart
variation of our previouslyreported scheme for producing a 14 improve the linearityve introduced a voltage divider
high-value DCfeedbackresistanceén a CSA using MOSFET peatweerthe outpubf the CSAandthe sourcef Mf (Fig. 2.)
adaptivematchingtechniques [8]. Hergve implemented the 1o csa output voltage swing as a responsaranput
self-adaptive scheme with Rechannelinput devicewhere a charge is attenuated three times at the soafdelf. The
minimum sizeP-channel feedback transistor is biaslede t0  jecreased Vgs changduring the dynamic output swing
weak inversion to achieve a resistance three or@#rs yocreases the Rds variations. Moreover gieaytime of the
magnitude(GQ region)largerthanthe one achieveth [8]  jmpulse response takes three times lorthan a feed-back
with a N-channel input device. network without the attenuatdFhe linearity of theCSA gain
The sufficiently large feedbackresistanceof our schemes benefits from the multipliedtlecaytime, i.e. the increased
allowed us to design eontinuouslysensitivehigh linearity ratio betweenthe two poles. The increasddcaytime isan
CMOS CSA for low anode capacitance, low leakagerent advantage wheran external shaperis used. With typical
detector with equivalent noise charge (ENC) equal to thelues of Rds=3Q and Cf=15fF we achievedecayconstant
theoretical lowetimit imposedby flicker noise. The circuit of 14Qus. If the shapingtime is 4us, then the decayof the
was fabricatedn two different foundries: i) HP 1iEm and pulse from the preamplifier is only 3&mdany imperfect tail
i) AMS 1.2um processn order to compare the flicker noisecancellation due to the dependenéehe decaytime on the

behavior of the twgrocesss. amplitudeinfluences the lingity only in thesecond order.
B. Self-Adaptive Bias Circuifor Mf
and) | + The feedbackresistance contributes negligiblearallel
noise if:
- 4kT/R < 2ql, Q)
@ CDet
o o %m With leakagecurrentl, =1pA - 100 pAthis sets Rin the
] range
WE _y
] Sro 0.5@ <R <50 A ©
Vip

Fig.2: T-Network withminimum size MOSFETtransistor We used a 3 x fim p-channelMOS transistorMf as the

Mf feedback resistor. It adds only negligilpl@rasiticcapacitance

to theinput nodeandin parallelto thefeedbackcapacitance.

Mf works in the nearsubthreshold region where its
associated resistance is exponentially sensitive to its biasing

A. T-Network in the DC path conditions.
Noise constraing require asufficiently large feedoack ~ The new self bias schemeas extension on the scheme
resistor, thus théeedbackransistorMf (see Fig.2) is biased reportedin [8]. There a CMOS CSA witiN-channelinput

closeto the weak inversion region, where Rds is strongflevice, matched to 0-8DF_anUt capacitance, h'as _ been
affectedby biasing conditiorvariations.The non-linearRds developedor a particletracking system.n that application,

Il. CIRCUIT DESIGN



the peaking time was 50 nseandparallelnoiseandleakage The gate voltage ¥uw tracks the variationsn V; and
current considerations dictated the choicé a feedback V. adiode-connectedeplica MN1of M1 is biased at the
resistanceof 6 MQ, achieved with a W/L=3/20 MOS8evice samecurrentdensity sahatthe voltage at therain of MN1
biased in the triode strong inversion region. tracks itsthreshold(Vg vni = Ve mi). Moreover the required
gate-to-source voltagef the feedbackdeviceis generatedy
passing aurrentlyune throughdiode MNF. MNF is a scaled
copy of M:

Now the problem issimilar, but the scheme reportéd
[8] must be modified for use with R-channelnput device.
Moreover, therequirementsare more challenging noise
considerations call faain associatedeedbackesistance three
ordersof magnitudelarger (GQ region)andwe are forced to (WIL),, = N (WIL),, (5)
use a minimum size MOSFET device with negligible
parasiticcapacitances added to thgut node. This setsMf  createdby laying outn parallelcopiesof Mf. Since MNF has
in the subthreshold region, where Rds is extremely sensittlie same ¥s andwidth as Mf, it experiences the sarpedy
the biasing condition of Mf. and narrow-channel effect$.results thaVgs mr = Vesmnr.

The solution is to apply the self-adaptive scheme to a P- Notethatthe maximumachievabldeedbackresistancean
channel input device with improved capability to track Mfis determinedby its Vgs, which is controlledy the Vgs
threshold variations in P and N-channel transistors.The of replicatransistorMNF andthe scalingration n. In this

circuit is showrin Fig.3, and our goal is to keep: circuit we setn=180andwe use a low-current source (MI2-
MI6, RIB in Fig. 3) to set Igyr=12nA
Vowm - Vswmi - Vv = const 3) In addition to compensating fothreshold voltage

variations, this circuit is alsoimmune to power supply

fluctuations and noise since thecritical node voltages are
even when ¥s s is only afew times kT/qbelow threshold, referenced only to groundnd to transistorthresholds.The
as is necessary for large R with small W/L. Nibtat Vs is residual power supply coupling will be determinky the
determined mainlyby the thresholdof PMOS device M1, quality of the current sources.

whosefluctuations are only partially correlated with ¥ of Of course, the self-bias circuitry need only be placed once
Mf. The third term in (1), Vrw, is influencedby the body for a multi-channelchip, with the gate voltage Vfp routed to
effect and by the narrow-channel effect [5]: many preamplifier channels.

VT,Mf = VT(VBS,Mf’ WMf) (4)

Vd Weld

Wia :”—I_EHE

Fig.3: Core voltage amplifier (left hand side of picture) and self adaptive bias scheme (right hand side)



When detector leakagrirrentis present, the output node I AU )
(right-handsideof Mf in Fig. 3) movespositiveandbecomes
Mf's effective source.This causes a reductioaf the static
feedbackresistance.This reduction is desiredecauseit T, = Rcasq (8)
extends theangeof the allowable leakageurrentfrom the
detector. Clearly ahigher value of the detector leakage

current degrades the energy resolution. where g, is the transconductance of MR,; is the output

resistanceof M1 in parallelwith the output resistanad M4,
The node Vfp (gateof Mf) has been brought t@an R andc, are theeffective resistanceand capacitance seen
exter'n'al pad{ and it's possibleto force on .the gate bias from node drto ground, and Cis theeffectivecapacitance at
conditions differentthan the natural one. This feature was ine grain of M1. Reas the input resistanceof the cascode
used to obtain the begossiblenoise performance, albeity ansistor M, is inversely proportional to gimiThis stage has
defeating the self-adaptive bias scheme. againof about 1300, @ain-bandwidthproductof 250 MHz,
e and dissipates about 11 mW. Wit input capacitanceof
C. Core Voltage Amplifier 0.2pFrepresentinghe detector pluparasiticsthe rise time
The CSA consists of a core voltageplifier with shunted to a charge impulse s40 nsec.
feedbackcapacitance Cf. The lowdimit for Cf, which has
been chosen here equal to 15fC, ishsgthe undesired, non- IIl. EXPERIMENTAL RESULTS
linear, parasiticdrain-source capacitance associated with the
minimum size feedback device Mf. The core voltage A. Linearity of the CSA conversion gain
amplifier usedn the CSA is a classicdblded cascodeDTA We measured the peak output voltage the AMS

followed by a voltage buffer (Fig.3). preamplifier (no detector connected) using the on-chip
A largefeedbackesistance realizely our techniqueandthe injection capacitoanda multi channelanalyzer.in Fig.4 the
absenceof strict speedrequirementstypical of X-Ray CSA gainvs. input charge is reported. It was found lve
spectroscopypplications allows us to use losbapingtime. linear to better than 0% up to an input charge of 1.8 fC.

In this condition theseries noise can be masigficiertly low
that it doesn’t contribute significantly to the ENC. The
achievable ENC is limitedly the flicker (1/f) noise. A PMOS
input stagetransistorwas chosen to benefit from its lower
flicker noisein spite of its higher series noise at otherwise e
identical conditions. The capacitivenatching was also
implemented for the flicker noise, that is, we haye=Cye:

Chan

To compare the flicker noise performanafetwo foundries,

we fabricated theprototypeusing the HP 12m and AMS

1.2um process. Designs for different foundries are identical -

but for the aspect ratiof the input transistor We designed -

the HP preamp tonatcha Gy of 200 fF, while the AMS

version hasan input capacitancenatchingCqye = 130fF. The

input devices are biased at about 1mA. Thigedback

transistorsare biased to givan expected RKin simulation) .

of 0.30 and 0.83 X for the HP and AMS circuits A0%

respectively. The AMS chip includes one CSA with full 08% 7T .

input electrostatic discharge (ESD) protectiand one 06%

without. 04% — .
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and the two poles are given by: Fig.4: Conversion gain aniitegral nonlinearity of the CSA vs.
input charge
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Qin (fic)

The mostimportantsecondary noise sourcesthe CSA
are thecurrentsources MandM4, whosenoise contribution
have beeminimizedwith respect to the input transistor M1.

INL

The open-loop voltage gain of the preamplifier is
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B. Self-adaptive bias circuit | L LI
Matural Bias ot

We measured the equivalent resistantehe feedback ,/i"'"
deviceby measuringhe fall timeof the CSA output response it
to a charge impulsein the self-biasedcondition RF was ' ' &
about 280 M and about 1.8 G for the HP the AMSlevice 3 o
respectively. E

In Fig.5 the CSA response to a charge pulse is shown & R,
different temperature (AMS version). The temperature" M el R
variationproduces ahresholdvariation of 200 mVin both P - I i R L i 2w o g
and N channeldevices.The changeof the RF is lesghan L L LTS
20% whenchangingthe temperaturdy 100° C. Without : 1] _ | Pinched
thresholdtracking, the effective RF would be expected to
change more than 2 orders of magnitude over this r&aje. - ' ; ' -
anotherway, our self-bias circuit must track the threshold A A Ts {UE}SD e i
voltage changes twithin 16mV. Second-ordegffects,such
as hole mobility and Cf capacitance change with temperat
may also contribute.

Tek Run: 1.00M5/s  Averasge
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Fig. 6: ENC vs. shapinime for the AMS CSA at Semperatures.
l“Eetedback devicself-biasedupper group) and high-RF bias (lower
curves.) Preamp not connected to detector.

i = These are plotted as a functiohtemperature for théiP
a | and AMS processes in Fig. 7
3
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Fig. 5. Response of the CSA to a charge pulse at different ¢ TeoHe
temperatures (-75,-50,-25,0,25)°C. The higher resistance g 1- R ANS
corresponds to the higher temperature. @ 05 —
C. Noise - CSAvith no detector connected 0

For thesemeasurementdhe preamps were mounted on -80 40 0 40
an FR-4 test board but not bonded to deyector.The input
parasiticcapacitancelue to the on-chip wiring and bond pad
were estimatedas 240fF and 310fF for the AMS and HP i
circuits, respectively. yesrini

The ENC vsshapingtime of the CSA was measured at
different temperatures witlan external shapingamplifier.
The results are showin Fig. 6 for the AMS version. The
upper groupof curves is for the preamp its self-biased
condition. The lower data set is obtained aftetimizing the
bias voltage VFP for eademperatureSolid lines are a fiof
the data to

ENC = A+ B-T. + C/T<1 (9) " 00 220 241 260 200 00

Tamg, K

it [n]} a1 {11k ]

RF, Chm

[ ]

from which we can find the three noisgarameterks, Rp, _
and KFP, the seriesand parallel white noise equivalent Fig. 7: NoiseparametersRks, Rp, and KFP for HP and AMS
resistances and the 1/f noise coefficient respectively. preamps extracted from the data of Fig. 6.



Fig. 8 shows room temperature noisestsapingtime circuit was not used). The measurements were performed at -
curves for the HRndAMS preampsn the naturalandhigh-  70°C to eliminate any noticeable contribution to the noise
RF bias conditions. The HP circuit h&sgher series and from the detector leakageurrent. In this conditions, the
parallel noise due to ithigherinput capacitanceand lower FHWM of the systemis 111eV, which isanimprovementof
RF than the AMS version. almost a factorof 2 over the bestpreviously reported

resolution of a Si detector coupled to a CMOS circuit [2].

H= Pl
,3_ 1 HF Mhral
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F'?f' t? E(l:\ItC \(/jst Shaplggmti?\;g:i.HE anq tAMS versions in theFig. 9 Experimenta_l set-up. The CSA is conneted with 1.5cm
Sell biasectondition and wi Igh resistance bonding connection tthe central anode of the circular SDD.

N The valuesof the equivalenpgrg(lliel nct))ilse resistg?fce fOr This noise performance was obtained with a pseudo-gaussian
the AMS prean&p are summﬁrlz Table 1_? hl erelnt shapingform at ashapingtime long enouglandthe leakage
temperaturesand are In a good agreement with the valueg,  rantjow enoughthat practically the only contribution to

measured from the decay time. the noise was the flicker 1/f noise. It ppssibleto usean
Table 1 optimal filter for the series 1/f noise according the reference
Equivalent feedback resistance of AMS premp determined by tWa2]. The practical realizationof this optimal filter with a
methods digital signal processingsystemis describedin reference
T (°C) | R parallel noise (@) | R decay time (@) [13]. An improvementof 18% was achieved. We estimate
that with a filter designed to optimize the 1/f noise the
25 1.66 181 preamplifier with a detector connected can reach the noise
-70 1.35 1.52 performance of 11 electrons r.m.s.
Tek SR 10 005/ 3 Acas
D. Noise - CSA connected to SDD detector. i
The preamplifierinput was bonded to ra anode of a FWNM‘ bdisielis gl
silicon drift detector (SDD). The anode capacitance was :
about 0.1 pF. The set-up used is shawrrig. 9. The chip ‘ II”'.I
carrieris closeto the centeof the picture, thesircular SDD ™t ][ !
is slightly to the leftand partially screenedy PC board I'| ! '
carrying the detector. The SDD is almost 3gmdiameter, .o oips T L SEUEE IR FIFRRE B
however, only itxentralpartwas biased to be active to limit || \ !
the leakagecurrent flowing into the anode. Avery long | ;
(1.5cm)bond connection from theentralanodeof the SDD | \ 1
to the input of the CSA was used. We estimatttht this J,'I ~M
connection added about OgRto the input capacitance T Tar Iy e
The responsef the CSAand the responsef the CSA

. . L DRHE . 3000t 1996
connected to an external shaper (3.6us shaping towe) X- Sy R

Ray from Mn is shownin Fig. 10. We also recorded the _ o )

spectraof *°Feand?*'Am sources. These are shownFig. fh'g' t.‘)Lot.tEr\T/]en:]froim 't:he. ttéeSuAppernvr;/aaifr? 'f the Ct:srﬁ rlesrp])ons?,

11 and Fig. 12, respectively. (t:=2p?n)0 one 1s the connected fo axternal shape
For these measurements, thedbackdevicewas pinched

off by an external control voltage (the self-adaptive bias



The noise performanceof the detector preamplifier surface of the detectorincreasingthe usually otherwise

combination was studied also at %20 a temperature which negligible capacitanceof the anode. Thetransistor is
can be reachebly a simple Peltier cooler. The dependente Produced with altonstrainglictatedby the productiorof the
ENC on theshapingtime was studied. From a cursinilar highestquality silicon drift detectors. The best up to date
to one shown on F|g 6 the threeain noise sourcesvere transistoris a Single Sided Gate-channelJFET with the
identified. The leakageurrent of the detector was aboutchannel length abousn.

15pA,; if we use the equivalent series noise resistafi@kQ The second, CMOS approad this paper with the p-
as reportedn Fig. 7 the total capacitana¥ the input node channelMOS transistoris relatively new. MOSransistors
from the series noise contribution is 0.6 pF. The constatged to be avoided as the fifsansistorsof a low noise
contribution of the flicker noise is 13 electrons r.m.s. application fortheir large 1/f noise. The usef a p-channel

2 transistormakesthis excessnoise almost tolerable. THew
= = mobility of holes at the silicon-silicon dioxide interfabg a
- 2 a factor of six relative to thenobility of electrondn the bulkof
g ﬁ : 3 n-type siliconof the first approach is compensatadmuch
=] = , shorter channdéengthavailable in the CMOS technology.
o The third approach is to use #aditional discrte n-
i . channelJFET as a firstransistor.RecentlyMOXTEK [16]
81 |} |V A introduced fast JFETs with the gate capacitance down to
2

] 1) 0.5pf. The test of the X-Ray systems is still in progress.
(1] The final noise performanad all 3 approaches is limited

=] .I If | by the 1/f noise. The origin of this noise mayeey different
m in 3 different first transistors.Given this uncertainty it is

‘ difficult to predict which approach will finally lead to thest

performance.
] 500 1000 1500
Figure 11: ® Fe spectrumof the AMS preamplifier at -70C IV.- CONCLUSIONS
FWHM of the pulser peak isll eV (13e- rms.) A high linearity, ultra low noise CSA for X-Ray
spectroscopy has been fabricattedwo technologie®y using
novel circuit techniques. The CSA éentinuouslysensitive,
100000 and requires noexternalcomponents or adjustments be
operated.In its self-biasedcondition, the AMS version has
10000 18(?(2 feedback resistance, the HP one 28GM The
linearity of the system(<0.1% up to 1.8fGnput charge) has
been significantly improvedby using a T-network. The
1000 absenceof strict speedequirement,and the hugefeedback

resistance featureby our CSA allows us to shape at long
shaping times.

100 — At room temperatureand with the feedback device
pinchedoff, the ENCof the CSA alone is 9"ems. With a
cooled SDD detector (T=-75°C), the electronkHWM is
10 — equal to 111 eV (ENC=13 &ns).

These results are the best noise performances ever
reported with a CMOS CSA.

1

Fig. 12: ** Am spectrummeasuredvith the HPpreamplifierat - V. ACKNOWLEDGMENTS

7¢PC. The authors wish to thank D. Pinelli and F. Di Candia for
their excellent technical support, and V. Radeka for his

There are three different approaches to the front end readdanceand encouragemenbf this project. G.Gramegna

out electronics forX-Ray spectroscopywith silicon drift wished to thank V. Radeka for his hospitality at BNL.

detectors offering the smallest detector capacitance. The first

approach is thentegration of the first transistorinto the
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